Abstract: A compact temperature sensor based on a coupler tip with micrometric size is demonstrated. This sensor can measure a temperatures as high as 1283 o C with an average sensitivity of ~12 pm/ o C.
Introduction
In the last decade, the use of optical fibers for temperature monitoring has been widely investigated [1] [2] [3] [4] because of their immunity to electromagnetic interference and possibility to work in contact with explosives. Among optical fiber devices, fiber Bragg gratings (FBGs) [1, 5, 6] are possibly the most common tool used for temperature sensing: although they have been used for temperature measurements higher than 1200 º C and benefit from wavelength encoding, their fabrication requires expensive laser set-ups and manufacturing processes, like hydrogen loading and annealing.
This paper presents a temperature sensor based on a coupler tip (Fig. 1 ). Optical fiber couplers can be used as a highly sensitive thermometers as in the coupling region modal beating depends both on the coupling region length and its refractive index, thus on its temperature. In conventional optical fiber couplers, with cross sections in excess of 10 µm and coupling lengths limited to few mm, the transmission spectrum presents dips with a periodicity typically of the order of few hundred nanometers: a small temperature increase results in a proportionally small spectral shift, thus small responsivity [7] . On the contrary, in micrometric fiber coupler tips (MFCTs), this periodicity is of the order of few/tens of nm: a wavelength shift of few nanometers generally results in large changes in the transmitted power at a specific wavelength, thus a high responsivity. Moreover, since this component is made of pure silica, which softens at T~1680 °C, it can potentially reach very high temperatures. 
Response time
The device response time is related to its mass and thermal properties. If α, c and ρ represent the surface heat transmission coefficient, heat capacity and density of the MFCT in the region where the surrounding fluid has temperature T f , its dynamic thermal behavior is described by: 
and it is inversely proportional to the MFCT radius r. Assuming α=10 W/m 2 K (natural convection), c=0.8 kJ/kgK, ρ=2300 kg/m 3 and r=1.25 µm, the device response time results to be τ=0.12 ms. Because of the small size, thus heat capacity, this device exhibits extremely fast response times. The response time of the packaged device will then be limited by the thermal properties of the packaging.
Temperature dependence of the MFCT
The MFCT spectral response can be predicted by assuming that power exchange at the output ports occurs mainly as a result of the interference between the lowest-order symmetric and antisymmetric supermodes of the waveguide formed by the whole cross section in the minimum waist region. Because of the low manufacturing temperature, the MFCT can be assumed to be a "weakly fused" coupler, approximated by two touching cylindrical waveguides ( Fig.  2(a) shows a schematic of coupler cross section in this approximation) [8] . If f is the power fraction reflected at the tip end, unpolarized light entering the input port P 1 will result in normalized power at the output port P 2 :
where L is the coupling length of MFC which includes the waist uniform region and the transition region and Equations (3) and (4) show that the output power depends on the wavelength λ (through C x and C y ) and on refractive index n 1 , coupling length L and coupler radial size 2a, which are temperature dependent. Simulations were carried out to evaluate the temperature dependence of the MFCT output spectrum assuming the refractive index of silica at λ~1530 nm at T=26 ºC, 471 ºC and 828 ºC to be 1.44444, 1.44961 and 1.45352 [9] , respectively. The diameter of each microfiber in the uniform region and the length of the uniform region (2.5 µm and 3 mm, respectively) were assumed to expand with an average coefficient 5.5×10 -7 ºC -1 . Fig. 2(b) shows the output power variation at three different temperatures. This spectral change can be used in two ways for temperature measurements: 1) evaluating the wavelength shift at a fixed output power and 2) evaluating the power change at a fixed wavelength. Here the first mechanism is used. When T is increased from 26 ºC to 828 ºC, the resonance peak shifts 15.5 nm. The sensor responsivity R is defined as the wavelength shift associated to a temperature change. In Fig. 3(b) , R~19 pm/ ºC. 
Device fabrication and characterization
The MFCT thermometer was manufactured by cutting into two equal parts a fiber coupler, fabricated using the microheater brushing technique [10] from two telecom optical fibers (SMF-28, Corning, USA) at a temperature of T~1450 ºC. The lengths of tapered and uniform waist regions were ~25 mm and ~6 mm, respectively. A minimum waist radius of r~1.25 µm was chosen to ensure high sensitivity, fast response and an adequate rigidity for the thermometer head, even if this resulted in slightly multimode guidance. In the MFCT, light launched from port P 1 is partially reflected by the flat surface at the tip end and can be measured at port P 2 . Spectral shifts in the reflection dips are measured at the output port P 2 .
The sensor characterization was carried out using a microheater (NTT-AT, Tokyo, Japan) which can reach temperatures as high as 1500 ºC. The MFCT was inserted into the microheater center and reflection spectra were recorded at different T. The microheater temperature was changed by increasing the current flowing into the microheater from 0.4 A to 2.8 A in steps of 0.2 A. Measurements were taken every 15 minutes to ensure a stable temperature. When the driver current is increased, the temperature increases and the peak redshifts to long wavelengths. An average R~11.96 pm/ºC was achieved in the temperature range ~247 ºC to ~1283 ºC, comparable to the value obtained for FBG thermometers at lower T [11, 12] . The possible explanation for the difference between the theoretical calculation and experimental measurement could be the unperfected weakly fused coupler structure, the measured wavelength difference and the refractive index error. The sensor resolution was estimated to be ~0.836 ºC for an OSA resolution of 0.01 nm. The MFCT thermometer repeatability was measured recording spectra for increasing and decreasing temperatures at intervals of one hour. The wavelength shift with the temperature is shown in Fig. 4 , showing that the MFCT thermometer has a good repeatability (within 3 °C). Fig. 4 Sensor characterization. The red solid curve and the blue dash curve report measurements for decreasing and increasing temperatures, respectively.
Conclusions
In summary, a fast compact sensor which uses a micrometer size optical fiber coupler tip for high-T sensing has been demonstrated. This device exploits the temperature dependence of intermodal coupling in the coupler uniform waist region. This thermometer has a responsivity of 11.96 pm/ºC and an operational range exceeding 1200 º C (from room temperature to ~1283 ºC). Because of the small coupler cross section, response times are predicted to be the order of ms. Since the MFCT is made from pure silica and silica softens at ~1680 °C, this device could potentially work at temperatures well in excess of 1283 ºC. MFCT offers several advantages, including compactness (few µm in diameter), high temperature measurement capabilities, high responsivity, fast response, easy connection with other fiberized optical components, simple fabrication and low cost.
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